Control of three-dimensional (3D) microvessel formation is critical for regenerative medicine and tissue engineering because vessels are essential for the formation and maintenance of organ function. In order to function, tissues need an internal network of vessels. To introduce a 3D vessel network deep into the tissue, it is necessary to introduce 3D microvessel control which makes it a critical factor in regenerative medicine and tissue engineering. This study focuses on the effect of the concentration gradient of growth factors used in seeding the endothelial cells (ECs) on the morphology of the network. First, ECs were seeded using two model environments: collagen gel containing bFGF and incubated without bFGF medium (gel-bFGF model), and collagen gel containing no bFGF and incubated with bFGF medium (medium-bFGF model). The networks were observed in 3D with confocal laser scanning microscopy. The migration of ECs on the collagen gel was analyzed to study the effect of the concentration gradient on the network formation process. We found that the ECs of the gel-bFGF model showed significantly longer migration distance and more sprouting points compared with those of the medium-bFGF model. The networks of the gel-bFGF model, expanded mainly in a depth of 20-30 µm, and many reached a depth of 50-60 µm, whereas many networks in the medium-bFGF model expanded in a depth of only 10-20 µm. These results revealed that the initial growth factor distribution affects (a) both EC migration of the network formation process and the number of sprouting points, and (b) network morphology.
Introduction
Angiogenesis is essential for numerous physiological and pathological events, such as embryonic growth and cancer progression, and has therefore been extensively studied. In vitro models of the formation of new microvessels (capillaries) by endothelial cells (ECs) have been used to clarify the mechanism of angiogenesis. Folkman and Haudenschilid (1) *Received 12 Apr., 2006 (No. 06-0016) [DOI: 10.1299/jbse. 1.136] were the first to successfully form a two-dimensional (2D) capillary-like structure in vitro. Since then, 2D models have been used to study angiogenesis and to screen the activity of angiostatic molecules (2) . Kubota et al. (3) showed that ECs formed capillary-like structures on Matrigel, a laminin-rich matrix. Capillary-like structure formation has also been induced in 2D cultures and modulated by various extracellular matrices (ECM), such as fibronectin, collagen IV, and gelatin (4) .
Because vessels are essential for the formation and maintenance of organ function, the control of three-dimensional (3D) microvessel formation is critical for regenerative medicine and tissue engineering. Necrosis of cells occurs in 3D regenerated tissue because the transfer of nutrients and oxygen is not adequately maintained by diffusion alone.
To maintain a sufficient nutrient and oxygen supply in the absence of vascularization, approximately 100 µm is the maximal thickness (5) . The construction of 3D tissue, therefore, needs a microvessel network deep in the tissues.
In vitro 3D vessel networks induced by growth factors have been observed (6) (7) .
Montesano et al. (6) and Pepper et al. (7) showed that growth factors such as vascular endothelial cell growth factor (VEGF) and basic fibroblast growth factor (bFGF) promote capillary-like network formation in collagen gel, and that the networks in the gel are formed in a 3D manner and have lumen, but methods to control the formation of 3D microvessel networks have yet to be developed. The concentration profile of extracellular growth factor is important in controlling 3D microvessel networks. Recent findings indicate that the morphology of such networks is influenced by the extracellular growth factor distribution in vivo (8) (9) . Ruhrberg et al. (8) showed that neural tubes that secrete VEGF normally establish a steep concentration gradient and attract the tips of filopodia, thereby controling the vascular branching pattern during embryogenesis. Gerhardt et al. (9) showed that filopodia of network tip-cells detect the VEGF gradient generated by retinal astrocytes and that tip-cell migration depends on VEGF distribution, whereby continuous networks are formed. The role of extracellular growth factor distribution in controlling the formation of 3D microvessel networks must be clarified in vitro.
To introduce microvessels deep into tissue, it is necessary to control 3D microvessel networks. This study focuses on the effects of the concentration gradient of growth factors used in seeding ECs on network morphology in the formation of deep 3D networks. First, ECs were seeded on two patterned environments: collagen gel containing bFGF and incubated without bFGF medium (gel-bFGF model), and collagen gel containing no bFGF and incubated with bFGF medium (medium-bFGF model). The time course change of growth factor distribution in both models was measured using ELISA. The morphology of the formed network was observed in 3D using confocal laser scanning microscopy. The effect of the concentration gradient on the network formation process was also clarified by measuring the migration of ECs on the collagen gel. Results revealed that the initial growth factor distribution affects (a) both EC migration on the process of the network formation and the number of sprouting points, and (b) network morphology, as evidenced by the networks in the gel-bFGF model extending deeper into the collagen gel than those in the medium-bFGF model.
Materials and Methods

Cell culture
Cultured bovine pulmonary microvascular ECs (BPMECs) were purchased from Cell Systems (lot. 32030, USA) and used in all experiments. The BPMECs were cultured in Dulbecco's modified Eagle's medium (DMEM; 31600-34, GIBCO, USA) supplemented with 10% fetal bovine serum (FBS; lot. 9K2087, JRH Biosciences, USA), 1%
antibiotic-antimycotic (15240-062, GIBCO, USA), and 15 mM HEPES (346-D1373, DOJINDO, Japan). The BPMECs were then seeded in 60-mm culture dishes (430166, Corning, USA) and cultivated under standard conditions (37°C, 5% CO 2 ). After reaching subconfluent, BPMECs were detached using trypsin-EDTA (25300-054, GIBCO, USA), and centrifuged 100×g for 2 min, then seeded onto 60-mm dish or collagen gel as described following. Cells of the sixth to ninth passage were used in all experiments.
In vitro network formation assay
Collagen gels were prepared as follows: 8 volumes of type I collagen solution (0.3%; KOKENCELLGEN I-AC, KOKEN, Japan) were mixed on ice with 1 volume of 10× Minimum Essential Medium (MEM; 61100-061, GIBCO, USA) and 1 volume of buffer solution (mixture of 0.08 N NaOH (192-02175, Wako Pure Chemicals Industries, Japan) containing 20 mM HEPES (346-01373, Wako Pure Chemical Industries, Japan)). The mixture was then poured into a glass-base dish (3911-035, IWAKI, Japan) and allowed to gel at 37°C for 30 minutes.
Two types of growth factor distribution were used to make the models. In the gel-bFGF model, BPMECs were seeded onto 30 ng/ml bFGF (Recombinant Human Fibroblast Growth Factor-basic; 100-18B, Pepro Tech, UK) containing collagen gel, and then incubated with DMEM without bFGF. In the medium-bFGF model, BPMECs were seeded onto collagen gel without bFGF, and then incubated in DMEM with 30 ng/ml bFGF . In each model, the volume of gel and medium were both 0.875 ml, and 4×10
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BPMECs were seeded per dish. The BPMECs were then incubated at 37°C in 5% CO 2 . After the BPMECs reached confluence, they invaded the underlying gel and began forming the network.
ELISA for bFGF
To observe the time course change of growth factor distribution in both gel-bFGF and medium-bFGF models, we compared the difference between the bFGF concentration in the collagen gel and that in the medium of each model. Using ELISA, we measured directly (A) the bFGF concentration in the medium of each model without ECs at the time points of 12, 24, 48 and 72 hours and (B) that in 30 ng/ml bFGF medium without gels at the same time points as a control. (C) The bFGF concentration in the collagen gel of each model was calculated by subtracting the two concentrations: (C) = (B) -(A). We defined (C) / (A) as the concentration rate between the bFGF concentration in the collagen gel and that in the medium.
For analysis of bFGF distribution, we prepared the gel-bFGF model and medium-bFGF model without ECs, and 30 ng/ml bFGF DMEM (as a control) in a 24-well plate. After 12, 24, 48 and 72 hours, supernatants were collected and the concentration of bFGF in each medium was determined using a commercially available sandwich ELISA kit (Quantikine Kit, R&D systems, USA) following the manufacturer's guidelines. The concentrations of bFGF were measured using a microplate reader set to 450 nm, the readings at 540 nm were subtracted from the readings at 450 nm. 3 samples were used for analysis respectively for each model at each time point.
Observation of cell proliferation and migration
The proliferation and migration of BPMECs on the surface of collagen gel was observed by photographing BPMECs at 10-minute intervals using a phase-contrast microscope (ECLIPSE TE300, Nikon, Japan) equipped with a CCD camera (CoolSNAP HQ, Roper Scientific, NJ) and a time-lapse system (MetaMorph TM -HDTL, Roper Scientific). For each model, 30 locations were randomly selected for observation, and the cell numbers were counted for all the 5 days of culture. The migration distance per 5 h from days 0 to 5 and the migration angle per 1 h on day 2 were calculated by tracking a single cell in the phase-contrast images. Migration angle was defined as the angle of EC migration direction with respect to that of the preceding hour. For each model, 30 cells of each type were randomly selected for analysis.
Observation of network sprouting
Sprouting of the 3D networks was observed by photographing the BPMECs using a phase-contrast microscope (ECLIPSE TE300, Nikon, Japan) equipped with a CCD camera (AxioCam MRc5, Carl Zeiss, Germany). Phase-contrast images and bright-field images for both models were recorded at 3 and 5 days after BPMECs were seeded. In each model, 30 locations on the surface of the collagen gel were randomly selected for imaging. The number of locations that sprouted a network was counted from these images.
Observation of 3D network morphology
The 3D morphology of the networks was observed in detail by dyeing and then imaging the 3D network models. After 3D networks were formed, each sample was washed in PBS, then dyed with CellTracker Green BODIPY (C-2102, Molecular Probes, USA) at 25 mM concentration in DMEM and incubated for 45 minutes at 37°C, and finally imaged using a laser scanning confocal microscope with a 20× objective lens. The emission of BODIPY excited at a wavelength of 488 nm with a 25-mW argon ion laser was detected in the wavelength region longer than 515 nm. Images were recorded at 5-µm intervals in depth, starting from the confluent layer on the collagen surface. The acquired images were analyzed using a scion image analyzer (Scion, USA). In each model, about 30 networks were randomly selected for analysis, and the morphology of each of these networks was quantified by determining the total length of the network in each image. The network length distribution at 5-µm intervals in depth was normalized by the total cumulative length of each network in every tomogram. To compare the networks in the gel-bFGF model and those in the medium-bFGF model, the average normalized length of the gel-bFGF model was divided by that of the medium-bFGF model. The network centroid was calculated using the following formula D G = ΣD i L i / ΣL i where D G is the observed depth of the centroid, D i the observed depth of the network, and L i the observed network length. The mean depth of the tomogram in which network most expanded was also calculated.
Statistical Analysis
Data are presented as mean ± S.E. Only for ELISA analysis, data are presented as mean ± S.D.
Student's t test was used to test for differences.
Results
Observation of model for network formation in vitro Figure 1 shows an illustration of the network formation process based on observation results from this study. BPMECs (hereafter simply called "ECs") reached confluence on day 2, invaded the underlying gel on day 3, and formed a network. Figure 2 shows the phase-contrast images of the ECs, revealing that in each model, the ECs formed 3D networks in the collagen gel on day 5. In the gel-bFGF model ( Fig. 2A) and medium-bFGF model (Fig. 2B) , ECs reached confluence on the surface of the collagen gel 48 h after seeding and then invaded the underlying gel to form networks, whereas in the model without bFGF (Fig. 2C ), networks were hardly formed. 
Time course distribution of bFGF
To observe the time course change of growth factor distribution in both gel-bFGF model and medium-bFGF model, we measured the difference between the bFGF concentration in the collagen gel and that in the medium of each model (Fig. 3) using ELISA. The gel-bFGF model showed a high concentration rate in the beginning of the experiments which slightly decreased with time. On the other hand, the medium-bFGF model showed a low concentration rate at first which increased significantly with time. The concentration rate of the gel-bFGF model was approximately 4.4 times that of the medium-bFGF model at of 12 h, after which the difference between the two rates decreased, so that the rate of the gel-bFGF model was approximately 1.4 times to that of the medium bFGF model at 72 h. The gel-bFGF model has a significantly larger concentrate gradient than the medium-bFGF model at first, but this difference gradually disappears with time. This indicates that bFGF combines with collagen gel and does not diffuse quickly. Fig. 3 Initial growth factor distribution in both gel-bFGF and medium-bFGF model. The bFGF concentration rate between the bFGF concentration in the collagen gel and that in the medium of each model were measured using ELISA to observe the time course change of growth factor distribution. Data are mean ± S.D. **P < 0.01 vs. medium-bFGF model.
Effect of initial growth factor distribution on EC migration and proliferation of pre-network period
The measured migration distance of ECs of the gel-bFGF model during 5 h was longer than for the medium-bFGF model in the pre-network period (Fig. 4A) . The difference was particularly significant on day 2. The measured migration angles of ECs on day 2 (Fig.  4B) revealed another difference. The migration angle for the gel-bFGF model was relatively small, indicating linear migration of the ECs and ECs migrated a long distance. On the other hand, the migration angle for the medium bFGF model was omnidirectional, indicating that migration occurred in various directions on the surface of the gel and then the ECs migrated over a small area. Between days 2-5, the migration distance of the gel-bFGF model gradually decreased, whereas that of the medium-bFGF model remained relatively constant. The migration distance for the gel-bFGF model on day 2 was significantly higher than that on day 5 (P < 0.01), whereas the migration distance for the medium-bFGF model remained small after day 1. Figure 5 shows the cell count on collagen gel in the two models during the 5 days of culture. There was hardly any difference between the cell numbers of each two models. Count of ECs seeded on collagen gel up to day 5. EC number on the surface of collagen gel was counted daily from seeding to day 5. Data are mean ± S.E.
Effect of initial growth factor distribution on network sprouting
Because of the significant difference in concentration rates between gel-bFGF model and medium-bFGF model during the first 48 h and initial growth factor distribution affects the migration of ECs, the effect of growth factor distribution on the early stage of network formation was also studied. ECs were seeded onto collagen gel on day 0, then reached confluence on day 2, and finally invaded the gel on day 3 (Fig. 1) . The effect of growth factor distribution on network sprouting was clarified by counting the number of sprouting points visible on phase-contrast and bright-field images of both models obtained on days 3 and 5. For either day, the gel-bFGF model had significantly more sprouting points compared with the medium-bFGF model (Fig. 6) , and the number in the medium-bFGF model increased from day 3 to day 5, whereas that in the gel-bFGF model remained relatively constant (Fig. 6 ).
Fig. 6
Effect of growth factor distribution on early stage of network formation. Number of sprouting points on days 3 and 5 was counted from phase-contrast images. Data are mean ± S.E. **P < 0.01.
Fig. 7
Effect of initial growth factor distribution on network morphology. Each model on day 5 was dyed with CellTracker, and then imaged at 5-µm intervals in depth using confocal laser scanning microscopy. Typical network of gel-bFGF model (A) and medium-bFGF model (B). Networks in the gel-bFGF model extended deep into the collagen gel (A), whereas that of the medium-bFGF model extended only slightly beneath the collagen surface (B). (C) Network length measured from the CellTracker fluorescent image recorded at 5-µm intervals in depth, and calculated ratio of average network length in the gel-bFGF model to that in the medium-bFGF model. Networks in the gel-bFGF model tended to extend deeper, whereas those in the medium-bFGF model tended to extend only to a shallow position. Data are mean values.
Effect of initial growth factor distribution on morphology of 3D microvessel networks
To determine if the formation mechanism of the network was influenced by the initial growth factor distribution, the 30 ng/ml gel-bFGF model and medium-bFGF model on day 5 were dyed with CellTracker, then images of the networks were recorded at 5-µm intervals in depth using confocal laser scanning microscopy, and finally the lengths of networks in each image were measured. Both models showed similar depth (~90 µm) and similar 2D total length measured from accumulated tomogram images (467.5 ± 55.2 µm for the gel-bFGF model, and 498.8 ± 82.0 µm for the medium-bFGF model: data are mean ± S.D.). Despite these similarities, the manner in which the networks extend differed. The network of the gel-bFGF model extended to a depth of ~20-50 µm in the collagen gel (Fig. 7A) , whereas that of the medium-bFGF model extended to a depth of only ~10 µm (Fig. 7B) . To evaluate the extension of the networks in the gel, the ratio of the average network length in the gel-bFGF model was compared to that of the medium-bFGF model (Fig. 7C) . The comparison revealed that at deeper positions, the networks of the gel-bFGF model extended wider than those of the medium-bFGF model.
To understand the effects of initial growth factor distribution on the network morphology in detail, we calculated the centroid and the maximum depth of the networks. Figure 8 shows the results. The centroid of the gel-bFGF model was deeper than that of the medium-bFGF model (Fig. 8A) . Similarly, the networks most expanded deeper in the gel-bFGF model than in the medium-bFGF model (Fig. 8B) . This indicates that the initial distribution of growth factor affects the morphology of the formed network and that the networks in the gel-bFGF model tend to extend deeper. Fig. 8 Morphology of network structure analyzed in detail. Centroid of networks (A) and tomogram in which network extends the longest distance (B) were used as morphological indexes. Data are mean ± S.E. **P < 0.01 vs. medium-bFGF model.
Discussion
The our results show that the morphology of microvessel networks depends on the initial distribution of the growth factor. Networks formed by the ECs differed in accordance with the concentration gradient conditions surrounding the ECs when they were seeded. The networks of the gel-bFGF model expanded mainly in a depth of 20-30 µm, and many reached a depth of 50-60 µm (Figs. 7 and 8) . On the other hand, many networks in the medium-bFGF model expanded in a depth of only 10-20 µm, and only a few networks reached a depth of more than 50 µm. ELISA measurements indicate that a significantly large amount of bFGF is distributed in the collagen gel of gel-bFGF model compared to that of medium-bFGF model (Fig. 3) . These results are consistent with previous studies in that the morphology of networks is influenced by the extracellular VEGF-A distribution in vivo (8) (9) . Kanematsu et al. (10) reported the physiological relevance of interaction between bFGF and type I collagen. In their study, after type I collagen solution mixed with bFGF solution in PBS was incubated for 1 h at 37°C, bFGF was incorporated into the collagen fibers (10) as reported for heparin (11) . The bFGF complexed with collagen was protected from trypsin digestion (10) . This interaction could also occur in the gel-bFGF model used in our current study. 12 h after the beginning, the bFGF concentration in the collagen gel of the gel-bFGF model was approximately 9.5 times higher than in the culture medium, whereas in the medium-bFGF model, the bFGF concentration in the gel was approximately 2.2 times higher than in the culture medium.
The bFGF in the gel of the gel-bFGF model decreased slowly; then the concentration rate was still over 8.0 times 3 days later. On the other hand, the bFGF in the gel of the medium-bFGF increased significantly and the bFGF concentration gradient between the gel and the medium was similar to that in the gel-bFGF model on day 3. These data indicate that bFGF combines with collagen gel and does not diffuse quickly. It seems that in the gel-bFGF model, there is a high concentration of bFGF all over the gel. Since the bFGF is diffused from the surface, there is also probably a concentration gradient. The gel of the medium-bFGF model had both a low concentration and a low gradient, possibility because the gel surface absorbed most of the bFGF. If ECs in the gel-bFGF model detect a concentration gradient, they will become activated and migrate (Figs. 4 and 6). As a result, the networks in the gel-bFGF model will establish themselves in deeper positions (Figs. 7 and 8) .
The difference between the pre-network period and the network formation period (Fig.  1) was compared for the two models. In the pre-network period, ECs migrated and proliferated on collagen gel. On day 2 (just before the beginning of sprouting), the measured migration distance of ECs per 5 h for the gel-bFGF model was significantly longer than that for the medium bFGF-model (Fig. 4A) . The migration angle of the ECs was relatively small in the gel-bFGF model, whereas in the medium-bFGF model, it was omnidirectional (Fig. 4B) . The resulting migration angle indicates that ECs in the gel-bFGF model migrated linearly over a long distance, whereas those in the medium-bFGF model migrated within a relatively small area. Previous studies show that EC migration is enhanced by bFGF (12) . Our results indicate that bFGF distribution is also a migration-regulating factor. The processes of EC migration, adhesion, and tube formation might depend on integrin activity (12) and bFGF induces β1 integrin expression on microvascular ECs (13) . The gradient of bFGF might affect integrin expression, and thus affect EC migration. In our study, EC proliferation on collagen gel was almost the same for both models (Fig. 3) , indicating that bFGF distribution has little effect on the proliferation of ECs on collagen gel. Based on our results, extracellular conditions of bFGF affect the number of sprouting points. The gel-bFGF model had a significantly larger number of sprouting points than did the medium bFGF-model (Fig. 6) . bFGF causes significant changes in the expression of integrins in ECs (13) , migration ability of ECs (14) , and onset of angiogenesis (14) . In our results, the migration distance for the gel-bFGF model on day 2 was significantly longer compared with that for the medium bFGF-model, but decreased with time (Fig. 4A) , and the number of sprouting points remained relatively constant (Fig. 6 ). On the other hand, in the medium-bFGF model, the migration distance was small but remained relatively constant after day 1 (Fig. 4A ) and the number of sprouting points increased between days 3 and 5 (Fig. 6 ). These results indicate that EC migration is closely related to the sprouting of network. Gerhardt et al. (9) showed that the network tip-cell was guided toward a high concentration growth factor. Active migration ability of ECs (Fig. 4A) and/or sensing of bFGF distribution in the gel-bFGF model might result in many sprouting points. Based on our results, network morphology was affected by bFGF distribution at the time the ECs were seeded. Ruhrberg et al. (8) showed that heparin-binding VEGF-A establishes a steep concentration gradient in extracellular space, and Gerhardt et al. (9) showed that the concentration gradient is a regulation factor in network morphology. Our results are consistent with these previous studies. ECs in the gel-bFGF model can detect a concentration gradient in the gel-bFGF model and invade and migrate actively (Figs. 4 and  6 ), then the networks therefore migrate and extend deeper (Figs. 7 and 8 ). Dynamic migration of ECs on the gel in the gel-bFGF model can also cause deeper migration of ECs. β1 integrin modulates epithelial cell migration and tubular morphogenesis in a type I collagen sandwich model (15) . Our previous study also suggested that network formation in collagen gel is associated with cell migration on the surface of the gel (Ueda et al., 2004) . High motility of ECs at the onset of sprouting (Fig. 4) might result in migration of ECs deeper into the gel (Figs. 7 and 8 ). ECs then proliferate and extend their network, resulting in a network morphology that extends deeper into the gel. ECs on the gel in the medium-bFGF model, however, migrate within a relatively small area (Fig. 4B ) and can invade beneath the collagen surface. Although the ECs would then proliferate and extend their network, the resulting network would remain shallow. The results of this study are useful to regenerative medicine and tissue engineering, because the control of 3D vessels is essential for the formation and maintenance of organ function. If the growth factor concentration of the center part of regenerated tissue would be kept in higher concentration compared to the surface of that, microvessel formation towards inside of the tissue could be induced, and then 3D regenerated tissue would be kept in appropriate condition. Distribution of growth factors is, therefore, one of the critical factors to create 3D regenerated tissue.
In conclusion, growth factor distribution at the time ECs are seeded affects the EC motility and thus affects the morphology of the EC network. This result can be applied to the arbitrary control of the formation of new microvessel networks.
